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How are we aware of our surroundings? Somehow, from a pair of tiny, two-dimensional pictures of the visual worldprovided by our retinas -our brains are able to render the world as it is, accurately depicting the locations of both a distant mountain range and the camera we are pointing at it. To understand how space is represented in the brain, neurophysiologists have borrowed the useful concept of a reference frame (also called a coordinate frame) from engineers and physicists. A reference frame, in the mathematical sense, is simply a set of rigid axes that intersect at a point, the origin. These axes are usually perpendicular to each other, and they are marked with gradations. This system allows the location of any object to be described by a set of numbers, called coordinates -its position along each of the axes. How is this notion useful in neuroscience? It allows us to phrase questions about how the brain encodes space in very concrete terms. For example, suppose we wish to understand how it is that a person can catch a baseball. Using reference frames, we can state the question as, 'How does the brain translate the position of the ball from the coordinates of the retinas into its coordinates in a reference frame centered on the left hand?' (Figure 1 ) Some modifications to the physicist's concept of a reference frame are needed to apply it in neuroscience. Neurons in the visual system do not report the coordinates of an object. Instead, neurons that encode visual space each represent a very restricted region of space. Cells will respond to stimuli located in one particular location, termed the response field of the neuron, or the receptive field in cases where the neuron's response is considered to be strictly sensory, and will not respond to the same object positioned somewhere else. (Often, a visual stimulus must have other features in order for a neuron to respond to it, such as a particular color, a direction in which it is moving, or even how the animal intends to respond to that stimulus.) Areas of the brain that represent visual space do so by using a population of neurons with response fields at different locations. Once we locate the response field for a neuron, we can ask in which reference frame that neuron encodes space using some very simple manipulations: by moving one part of the body at a time, we can explore whether the neuron's response field moves along with that body part. If it does, then we have reason to believe that the neuron encodes space in a reference frame anchored to that body part.
Reference frames for vision
The neural signal induced by light in the retina is carried through the thalamus to the primary visual cortex, also called V1 or striate cortex, for the pronounced stripe of myelinated input fibers visible in histological sections. Neurons found along this pathway all use a retinal reference frame: if the eyes move, the spot in the world to which these cells respond also moves, but it stays fixed with respect to the retina. Retinal coordinates are also the rule throughout the extrastriate visual areas, those areas just downstream from the striate cortex. This fact leads to a dramatic realization about the organization of the visual system: every time our eyes move, the visual scene sweeps across our visual areas. Yet, despite this, we somehow perceive that the world remains stable.
To achieve this stability, the brain must factor in information about the position and movements of the eyes. This combination of visual and postural information becomes evident further along in the visual system. For example, area VIP, a multisensory area in the parietal lobe of monkeys, contains a mixture of head-centered ( Figure 2B) of a particular parameter, then that property might be critical in the processing performed by that area. However, neurons do not need to be arranged topographically along the dimensions of the reference frame they employ: in principle, the pattern of wiring from one area to another can disentangle the particular placement of neurons within a cortical area. So, a brain area can encode space in a particular reference frame, even if its neurons do not form a map of that space. The nervous system's command to the arm must specify a pattern of muscular contractions to move the arm to its goal. There has been considerable debate over whether the primary motor cortex itself encodes these commands to the muscles, or alternatively, specifies the trajectory of the hand through space, which would leave it up to the brainstem and spinal cord to compute the required muscular contractions. Although conceptually these are dramatically different reference frames (sometimes referred to as intrinsic and extrinsic coordinates, respectively) it has been very difficult to dissociate them experimentally. Evidence exists to support both possibilities, and it may be that M1 actually performs the transformation from extrinsic to intrinsic coordinates. The resolution of this issue has important implications for the design of neural prosthetics that could help paralyzed humans.
Reference frames for movement

Coordinate transformations
As this survey shows, many areas participate in planning a reach. These areas employ reference frames which indicate that they occupy various stages of the sensory-motor transform. How does the brain convert spatial representations from one reference frame to another? It Although much has been learned about the neural mechanisms for coordinate transformation, many important questions remain. For example, we would like to simultaneously observe two connected brain areas to see how they interact to convert information from one's reference frame into the reference frame of the other.
Reference frames for perception?
In which reference frame do we perceive the space around us? Our spatial awareness does not seem to be anchored to our bodies: as we move, we have no difficulty perceiving that objects stay still. Our perceptions seem to utilize a world-centered reference frame. However, most visual areas employ retinal reference frames. How is it that we perceive the world as stable, even as images flit across our visual areas every time our eyes move? One potential resolution to this puzzle is that we may not yet have identified the brain areas with spatial representations that can subserve perception. Another possibility is that stable spatial perception is derived from areas that do not have an explicit representation in a worldcentered reference frame. Just as gain fields can allow a population of neurons to collectively encode space in a more elaborate reference frame, perhaps spatial perception emerges only from a population of neurons acting together. A third possibility is that all that will be found is a series of areas that use a coordinate frame appropriate for the task they are involved in performing -armcentered areas for reaching, and head-centered regions for guiding food to the mouth, for examplewith no centralized area tailored to support spatial perception. It may be that spatial perception, as important as it is for our experience of the world, does not require as extensive brain hardware as does a process like guiding a reach.
The study of the reference frames used throughout the brain to establish and transform representations of space will continue to be a fruitful avenue of research. The questions are welldefined, the experimental manipulations needed to answer those questions are conceptually straightforward, and most importantly, valuable insights into how the brain orchestrates perceptually guided movements will continue to emerge from these investigations.
